A reasonable heuristic extrapolation of a theory given by Buckingham is used to estimate the frequency-and temperature-dependence of the second refractivity virial coefficient. The calculations are carried out for the atoms He, Ne, Ar, Kr, Xe and the small molecules H 2 , N 2 , 0 2 , HCl, C0 2 , N 2 0, NH 3 , CH 4 , C 2 H 4 , and SF 6 . In some cases the frequency-dependence of B R (co, T) is compared with experimental values, showing sometimes considerable deviations between experiment and the heuristic approach used in this work.
Introduction
In studies of the optical properties of imperfect gases the so-called refractivity virial coefficients Y4 R (co, T), B R (CO, T), C R (co, T),...
play an important role, as they describe the refractive index of fluids through an expansion in powers of the density of the well-known Lorentz-Lorenz function [1] , As for A R (CO, T), which describes the optical properties of a free, non-interacting species, extensive research has been done both theoretically (e.g. [2] [3] [4] ) and experimentally [5] [6] [7] [8] , Therefore the temperature and especially the frequency dependence of A K (co, T) is now well understood. However, there is a great lack of information about the higher refractivity virial coefficients [1, 9] . Even nowadays, experiments to determine B r (CO, T) are extremely difficult to carry out (e.g. [10] [11] [12] [13] ) and therefore are often performed at one temperature and with one frequency of the measuring light only. Systematic investigations, both theoretical and experimental of the co-and T-dependence of the refractivity virial coefficients are scarce [11, 14] , and due to the quite large error bounds of the experimental data only of limited value. Also, these experimental investigations cover small temperature and wavelength ranges (mostly near room-temperature and at wavelengths of 400-600 nm). These limitations are not present in theoretical calculations of B R (co, T), but in the case of the frequency-dependence of B R (co, T) a Reprint requests to Dr. U. Hohm, Institut für Physikalische und Theoretische Chemie, TU Braunschweig, Hans-Sommer-Straße 10, W-3300 Braunschweig, F.R.G. consistent theoretical treatment is at present not available [15, 16] , although a lot of work has been done for the static case (co = 0) [17] [18] [19] [20] [21] [22] , So it seems worth to estimate the temperature-and wavelength-dependence of the second refractivity virial coefficient on the basis of the first treatment given by Buckingham [1] for atoms and small molecules.
The Dipole-Induced-Dipole-Theory
Usually, the refractivity virial coefficients are introduced by expanding the ordinary Lorentz-Lorenz equation in powers of the molar density g [1] :
with n (co, T, g) the real part of the refractive index, co the frequency of the measuring light and T the temperature. In the static case (co = 0) and with n 2 = e, (1) is the well-known Clausius-Mossotti-function [23] . In this case, the expansion coefficients are known as dielectric virial coefficients A e (T), B t (T), C S (T)....
In (1) there is

Ar(CO, T) =
NA QCQ (CO, T)
where the mean dipole polarizability of the free molecule a 0 (co, T) is one third of the trace of the dipole polarizability tensor & 0 and iV A is Avogadros constant.
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As the series expansion (1) is assumed to converge rapidly, only the second refractivity virial coefficient is considered in the following. B R (CO, T) is connected with the intermolecular interaction potential U (t) (t = relative orientation of the two molecules) and the (mean) pair polarizability a 12 = Tr(tf 12 B R (co, T) = J {±a 12 (co)-a 0 (co)} jli£ 0 0
with Q = Q J di. B R (CO, T) is connected with the second dielectric virial coefficient B E via [1, 24] B £ = B 0r + B R = B 0r + B Ind ,
where the orientational part B 0r results from permanent multipole moments and the induced part B R = B Ind from induced multipole moments. Only the latter one will be considered throughout this paper. The contribution of B 0R at low frequencies is not considered in this work but can be calculated in principle using FIR-absorption-data [24, 26] . Formula (3) is assumed to be valid for frequencies far away from the first electronic absorption frequency co 01 [25] , although obviously a rigorous proof of this statement has not been given yet. Provided the intermolecular pair-potential U (t) is known with sufficient accuracy, a suitable way to obtain B R (co, T) seems to calculate the frequency dependence of the pair polarizability tensor <$ 12 for various intermolecular configurations. For the static case this has been done in a systematic way by Dacre [17] [18] [19] [20] with ab initio SCF-CI calculations. These calculations support a relationship already found before for spherical species in the framework of dielectric virial coefficients [26] as well as collision induced absorption (CIA)-spectra [15, 27] , namely
with x, and r t as two fit parameters and A 6 as given in Appendix A 2. Especially in the case of He, there are some further calculations concerning B R (co, T), where Mazur and Mandel [28, 29] were the first to incorporate its frequency-dependence. Obviously only Arrighini et al. [30] have calculated the frequency dependence of the pair polarizability components a^ (co) and a [' 2 (co) of Helium in the random phase approximation for several interatomic separations, followed by a Cauchylike expansion of the second refractivity virial coefficient. Alternatively, Aa and U 12 (r) may be expressed in terms of multipole moments and linear and nonlinear polarizabilities of the isolated atom or molecule [11] . Although correct, this treatment is only valid for large intermolecular separations and cannot account for the observed negative values of B R (co, T) of helium and neon [17, 18, 24, 26] , which clearly result from quantum mechanical charge overlap effects at small separations.
The inclusion of field gradient effects at long range results in properties which are hardly available at present. Namely the important C-tensor [31, 32] , describing the excess field at molecule 1 due to a quadruple induced on 2 by the field gradient of a dipole induced on 1 by the light wave, is only known for some species, and its wavelength-dependence is completely unknown. A quite similar way to obtain the long range part of a! 2 is a statistical mechanical treatment first given by Buckingham [1, 33] on the basis of the dipole-induced-dipole (DID) model of Silberstein. As this model is used in this work it will be considered in some detail now, refering to the work of Buckingham [1, 33] . Neglecting field gradient effects and using a Stockmayer-type intermolecular potential (see Appendix Al), B R may be obtained by the sum
/ = l where P denotes one or more molecular properties and / ov the quantum mechanical charge overlap contribution. The full formulae have been evaluated in [1, 33] , but for the sake of clearness they are also given in Appendix Al. In detail, there is the well-known Kirkwood fluctuation contribution /I=/IW (7) and the influence of high intermolecular field-strengths due to a dispersion like interaction via the second hyperpolarizability y:
Beside these two always existing contributions, there are three further contributions for molecules with permanent dipole moment n 0 : 
Modelling of B R (co, T)
The frequency-dependence of B R is introduced by the frequency dependences of tx 0 , x, ß, and y. The frequency-dependence of ct n 0 , where t] defines the isotropic (i), parallel (||), and perpendicular (1) 
For axially symmetric molecules the isotropic values are given as , which are used in the calculations, of course. In all other cases, for the calculations presented here, x is assumed to be independent of co and is taken from [41] . Obviously, no experimental data are known for the frequency dependence of ß(co), and only some experiments concerning y(w) have been performed [42] [43] [44] for the molecules considered in this work. These are experiments of electric field induced second harmonic generation (ESHG), but it seems to be questionable whether this process corresponds to the field-strength effect considered in the framework of the second refractivity virial coefficients. Therefore, as a rule of thumb, the eo-dependences of ß and y are approximated by
and
H(3H (17) which clearly seems to be a lower estimate of the frequency-dependence of the second hyperpolarizability y [44] . On account of insufficient data, the temperature-dependence of B r (co, T), beside the exponential term in (3), is introduced solely through the Independence of a 0 via
where b and c are only known for some gases and are taken from [7] . The very small 7-dependence of a 0 of the noble gases [5] is neglected. Also, x is assumed to be independent of temperature. Although there should be a Independence of ß and y, it is neglected because no data are known about this phenomenon. Perhaps, it might be of the same order as the Independence of a, but this is only a very rough assumption. Therefore, at present the neglect of the temperature-dependence of ß and y seems to introduce smaller errors than a wrong estimate will do.
As is well known, a critical part in calculating B R is the correct evaluation of the quantum-mechanicalterm / ov in (6) . In many cases [15, [17] [18] [19] [20] it can be approximated by
(A, > 0). In this case, / ov is assumed to be independent of the shape, although a possible anisotropic behaviour might be introduced via a shape factor. Using ab initio calculations as well as a fit to CIA-spectra and second dielectric virial coefficients, it has been shown that r t is in the order of 4 • 10" 11 m [15, 27] . X x is usually obtained through fitting to existing experimental and/or theoretical data, which is also used in the present work. Additionally, a frequency dependence of A t is introduced via
where A 6 (co) is found in Appendix A 2. This behaviour of /., (co) is confirmed for He by quantum-mechanicalab initio calculations [30, 45] , All atomic and molecular parameters used for the present calculations can be found in Table 1 .
Results and Discussion
B r (o), T)-Surfaces
For a general survey some characteristic B R (co, T)- A very interesting behaviour of B R (co, T) is seen in above 1100 K a decrease is calculated with increasing co. This behaviour is observed for none of the other gases considered here.
In the cases of NH 3 , N 2 0 and CH 4 a large co-dependence of B R (co, T) can be seen, where an increase with increasing frequency is obtained. However, the 
The Frequency-Dependence of B R (co, T)
For all species and at all temperatures examined, the frequency-dependence of B R (co, T) can be expressed with very high accuracy by a Cauchy-like expansion in the range 0 ^ co ^ 0.2 a.u.:
The expansion coefficients B
( R ] (T) are given in Table 2 , calculated for T = 300 K. Although not shown in detail, it is worth mentioning that the expansion coefficients B (  R  >0) (T) change only slightly with temperature in the ranges examined (except of N 2 by up to ä 25%).
In Fig. 4 the calculated curves are shown in a reduced form for some gases. In general, the co-dependence of B r (CO, T) is high, if there is a large frequency-dependence of the polarizability, described by the Cauchycoefficients S% and S! 6 (see Table 1 ).
In Table 2 Although the error bars of the measured points seem to be realistic, the co-dependence may be too large perhaps on account of (at present) undetected experimental inaccuracies, which possibly are present in the novel technique of measurement [14] . Nevertheless, in the case of N 2 0 [46] the experiments are fitted nearly perfectly by the calculated curve, which can be seen in Figure 6 . It is worth mentioning that in this case the calculated curve as well as the experimental data points can be shifted all by the same amount on account of the special calculation used (remember that f ov is chosen as a fit parameter), and on account of the special measuring technique, which determines B R (CO, T) relative to a given fixed value B R (co, T) (0) [14] . In the case of NH 3 , which is not shown as a sepa- For molecules a very interesting contribution will occur at high temperatures, which was first discussed by Buckingham [56] . Due to the high kinetic energy of the species, a change in the equilibrium-geometry of the molecule might occur during a collision, which gives a considerable contribution to the pair-polarizability and therefore to B R (co, T). Up to now, this contribution is completely neglected in all other studies of B r (co, T) at high temperatures.
Although not rigorously correct, the present heuristic extrapolations might give hints to the individual and sometimes rather complex behaviour of the Tand co-dependence of the second refractivity virial coefficients of the various species. Perhaps, on the basis of these estimates, some species like Xe or SF 6 will be selected for a more detailed and precise experimental study of the temperature-and frequency-dependence of the second refractivity virial coefficient B R (co, T).
